Abstract. Deep cold in-place recycling is the most popular method of reuse of existing old and deteriorated asphalt layers of road pavements. In Poland, in most cases, the Mineral-Cement-Emulsion mixture technology is used, but there are also applications combining foamed bitumen and cement. Mineral-Cement-Emulsion mixtures contain two different binding agents -cement as well as asphalt from the asphalt emulsion. Asphalt creates asphalt bonding (responsible for flexible behaviour), whereas cement generates hydraulic bonds (responsible for stiffness of the layer). Final properties of MineralCement-Emulsion mixtures are a result of a combination of both binding agents. While the stiffness of the material is unaffected by asphalt bonding, an increase in stiffness with time is visible for materials treated with hydraulic binders. This publication presents the change in stiffness modulus of Mineral-Cement-Emulsion mixtures by Simple Performance Test. For the analysis, two batches of specimens were used: the first was tested 28 days after compaction (period stated in Polish recommendations) and the second was tested 1.5 years after compaction. Analysis showed that after 1.5 years the stiffness modulus increased by about 10% in comparison to the 28 days after compaction. The change is minor but still significant. Unexpectedly, the level of the increase was unaffected by the combination of the binding agents (asphalt emulsion, cement).
Introduction
Deep cold in-place recycling belongs to the most commonly used types of recycling of existing old flexible pavements, especially when it comes to low-volume roads (local roads). Different types of binding agents and their combinations are used for cold in-place recycling. In Poland, the two most common technologies are MineralCement-Emulsion (MCE) mixtures and mixtures with a combination of foamed bitumen and cement. These two types of mixtures have been described in detail (Dołżycki, 2015; Iwański & Chomicz-Kowalska, 2011; Iwański & Chomicz-Kowalska, 2016; Kukiełka, 2007; Valentin, Čížková, Suda, Batista, Mollenhauer, & Simnofske, 2016) .
The two primary binding agents used in MCE mixtures are cement and emulsion. The reclaimed asphalt pavement used, usually originating from old, low-quality and highly deteriorated roads have low durability. On the other hand, the requirements stated for MCE mixtures are very high, especially for strength as well as resistance to water and frost action. The factors mentioned above result in high amounts of binding agents, mainly cement, being added to the mixture. Such approach is observed in Poland (GDDKiA, 2013) and Germany (FGSV, 2005) .
The properties of the MCE mixture strongly depend on the proportions and interactions between the two binding agents used (Bocci, Grilli, Cardone & Graziani, 2011; Theyse, Long, Harvey, & Monismith, 2004 ). An addition of emulsion results in an increase in viscous behaviour (the pavement acts more similarly to a flexible pavement), an increase in internal integrity, a decrease in the risk of shrinkage cracking, an increase in resistance to water and frost action, as well as an increase in the fatigue life of the pavement. An excessive amount of emulsion, however, results in a decrease in stiffness modulus of the MCE mixture. An addition of cement positively influences an increase in stiffness modulus, tension strength, and resistance to water and frost action. Moreover, it allows achieving the relatively high initial strength of the MCE mixture, which is a desirable property for the best usage of the reconstructed pavement under technological traffic. Cement also accelerates dissolution of the asphalt emulsion. On the other hand, additional cement increases shrinkage of the embedded mixture, often resulting in shrinkage cracks of the MCE layer and, as a result, in reflective cracking of asphalt layers of the pavement. Other authors (Chomicz-Kowalska & Maciejewski, 2015; Uzarowski, Maher, & Tighe, 2015) have described this problem.
The properties of an MCE mixture result from combining two binding agents responsible for two different types of chemical bonds. Asphalt emulsion generates asphalt bonding, which is responsible for the elastic behaviour of the embedded layer. Cement generates hydraulic bonds, which are responsible for stiffness of the layer. The type of cement used strongly influences the generated hydraulic bonds. The cement of higher classes or quick-setting cement has a higher chance of dominating the type of bonds in the Mineral-Cement-Mixture in comparison to typically used 32.5N class cement. The dominating type of bond decides the overall behaviour of the MCE layer. It is advisable to design MCE mixtures in a way that supports the domination of asphaltic bonds, as they are responsible for decreasing the risk of shrinkage cracking. On the other hand, it is inadvisable to entirely omit hydraulic bonds, which are responsible for resistance to weather.
The primary purpose of this paper is to present the impact of the two different binding agents used for the change of MCE mixture parameters with time. The impact of binding agents content on stiffness modulus and phase angles of different MCE mixtures after 28 days of conditioning (regular period for evaluation of properties of cement-bound materials) has been presented in another article by Dołżycki, Jaczewski, and Szydłowski (2017a, 2017b) . Nevertheless, after 28 days the increase in stiffness still continues -due to further creation of hydraulic bonds -but at a slower rate. The rate of increase in stiffness modulus depends on cement content and the starting strength of the tested material (Neville, Ajdukiewicz, Degler, & Kasperkiewicz, 2012) .
Cement, one of the two binders used in MCE mixtures, is responsible for the increase in strength of materials with time. Conducted laboratory tests were to answer the question if (and to what extent) the longer time of binding affects the stiffness modulus and phase angles of the MCE mixture. The same specimens as in the previous test (Dołżycki, Jaczewski, & Szydłowski, 2017a) were tested in the Simple Performance Tester 18 months after the initial compaction of the samples for the first test to analyse the phenomenon. The issue of time-related changes in MCE parameters is crucial and calls for due consideration as, with an increase in stiffness of the mixture, the risk of reflective cracking appearing at the surface of the pavement increases as well. Moreover, increase in the stiffness of the MCE mixture base course influences the fatigue life of the pavement structure.
Materials
The stiffness of the MCE mixture depends on the gradation of the mineral mixture, the amount and type of bitumen in reclaimed asphalt pavement and the combination of the binding agents used. The MCE mixture was designed according to Polish recommendations to assess the influence of binding agents (GDDKiA, 2013) . Single grading curve was designed as a combination of reclaimed asphalt pavement, continuously graded 0/31.5 mixture and 0/2 fine aggregate. The proportions of aggregates used are presented in Table 1 , and the grading curve is presented in Figure 1 . Designations of MCE mixtures were chosen as follows: "C" indicates the amount of cement and "E" indicates the amount of asphalt emulsion. For example, an MCE mixture with 2% of cement and 4% of the asphalt emulsion is designated as C2E4. The tests were conducted for nine combinations of binding agents: 2%, 4% and 6% of each binding agent. The combinations and mixture designations are presented in Table 2 .
The C60B5R asphalt emulsion was used in the conducted research. This type of emulsion is dedicated for cold in-place recycling in Poland. As for cement, a typical MCE I 32.5R cement was used.
Mineral-Cement-Emulsion mixtures were prepared in laboratory mixer according to the PN-EN 12697-35 stand- ard. The specimens were compacted in gyratory compactor according to the PN-EN 12697-31 standard. The limiting compaction ratio was set at 99%. The specimens were compacted to 170 mm height and 100 mm diameter. After 14 days of compaction, lower and upper surfaces were cut to reach the specimen height of 150 mm. According to AASHTO TP79 (2013) procedure, the specimens are to be cut out of a larger specimen (150 mm diameter), but it was impossible due to the very low initial strength of the mixtures and high amount of coarse aggregates. Figure 2 . All specimens were tested 28 days after compaction (first test).
Testing methods
Then samples were stored in the laboratory for 17 months, until they reached a total age of 1.5 years from compaction, and tested one more time (second test). Specimens were stored in a laboratory room, under typical temperature and moisture conditions without any individual conditioning.
Test results
Test results for three selected mixtures: C2E4, C4E4, and C6E4 are presented in Table 3 . The relative and absolute changes in both stiffness modulus and phase angles measured after 28 days and 1.5 years are presented in Figure 2 . Specimen during the test in Simple Performance Tester according to the AASHTO TP79 (2013) standard Figures 3 and 4 respectively) to additionally present the change in the behaviour of selected mixtures. Additionally, for the selected temperature of 20 °C and frequency of 10 Hz, changes in stiffness modulus moduli and phase angles are presented in Figure 5 .
Master Curves of stiffness were developed using the modified procedure presented in NCHRP 614 (2008) The relative difference after 1.5 years, % The relative difference after 1.5 years, % ( )
where |E*| -stiffness modulus, psi; Max -limiting maximum modulus, psi; f -frequency, Hz; T R -reference temperature, K; T -test temperature, K; δ, β, γ -fitting parameters; ∆E a -activation energy (treated as a fitting parameter).
Analysis and discussion of the laboratory test results
The conducted laboratory tests showed the complex behaviour of MCE mixtures and complex changes in their mechanical properties. Whereas the combination of binding agents had a significant impact on mechanical properties of different mixtures, it had a lesser impact on the time-related change in the parameters. Nevertheless, it was observed that: 1. In most cases, tested mixtures with all combinations of binding agents showed an increase in stiffness modulus with time for all tested temperatures and frequencies. Usually, the relative increase ranged from 2% to 35%, with a mean value of 13%. The absolute maximum change in values of stiffness modulus reached 1000 MPa. 2. Some discrepancies were noted at the temperature of 4 °C for the following mixtures: C2E2, C2E6, and C4E6. For the highest frequencies (10-25 Hz) stiffness modulus decreased by 1% to 6% (by up to 500 MPa in absolute value). 3. At lower temperatures (4 °C), where both types of binders influence the stiffness of the mixture, the increase is lower than at higher temperatures (40 °C), where the stiffness of the material is influenced mainly by cement. 4. The increase in stiffness modulus of the MCE mixture with time is clear, and it is expected that stiffness modulus will further increase. 5. The changes in phase angles, in absolute values, were minor. On the other hand, taking into account the relative differences, it was more complex than the change in stiffness modulus. For most cases at temperatures of 4 °C and 20 °C the value of phase angle decreased by 1% to 15%, with a mean value of 5% (by up to 2° in absolute value of phase angle). The only discrepancy was observed for the mixture C2E2, where at the temperature of 4 °C at the highest frequencies phase angle increased by 2%. 6. Strange behaviour was visible for the temperature of 40 °C. Seven out of nine tested mixtures showed an increase in phase angle at the lowest frequencies (usually from 0.01 Hz to 2 Hz). The observed relative change in phase angles was by up to 10% (by up to 1.5° in absolute value of phase angle). 7. In the case of phase angles, the changes were usually minor, but the course of changes led to a more elastic response of the material. 8. Laboratory test results showed that the changes in parameters in the case of very low frequencies were different than in other cases. Whereas the changes in values of stiffness modulus presented the same behaviour regardless of the test frequency, greater changes were visible in the case of phase angles. All tested materials were expected to become more rigid with the curing time and the phase angles were expcted to decrease. That kind of behaviour was observed for higher frequencies (25 Hz), at which the values of phase angles decreased by around 10%. Opposite behaviour was observed for lower frequencies (0.01 Hz), at which the material presented more behaviour that is viscous. The values of phase angles increased by around 20%. This issue will be the primary scope of further research. 9. All tested materials presented the increase in the values of stiffness modulus. While the changes were relatively small, they indicated the increase in the importance of the hydraulic bonds. On the other hand, relatively high values of phase angles indicated that MCE mixtures still presented viscoelastic behaviour, due to the presence of bituminous bonds. 10. Laboratory test results showed that the change in the values of stiffness modulus and phase angles was uncorrelated to cement content. Cement content had a substantial impact on the starting values of stiffness modulus of all tested mixtures. It was especially obvious for higher frequencies. However, no plain correlations between the amount of specific binding agents and the changes in stiffness modulus or phase angles were found, but the observed trends for all tested MCE mixtures were the same.
Conclusions
The conducted laboratory tests showed that similarly to other cement-bound materials, Mineral-Cement-Emulsion mixtures show the increase in stiffness with time.
While the absolute changes in the values of stiffness modulus and phase angles are rather low, the change is clear. It was also noted that the relative changes of stiffness modulus are higher than in the case of phase angles. 
